Abstract. Soft magnetic powder cores are materials manufactured by pressing pure iron powder covered with insulating film into shape. These are widely known soft magnetic materials which are used as essential electromagnetic conversion parts in automobiles and household appliances. In recent years, demand for higher magnetic properties and dimensional precision has been growing with respect to soft magnetic powder cores. It has therefore become necessary to develop a high-efficiency, high-precision finishing method. The issues to be addressed with regard to this kind of method are: (1) the pure iron used in these materials displays ductility resulting in burring and cohesion to machining tools, (2) these materials are green compacts with low binding forces between powder particles and high tendencies towards cracking and gouging, and (3) these materials possess residual pores at levels of several percent thus resulting in microscopically intermittent processing which causes heavy machining tool wear. We have solved these issues through the development of a super-smooth finishing method designed for soft magnetic powder cores.
Introduction
In order to achieve the creation of a low-carbon society, the electrification of automobiles, electricity saving home appliances, and the utilization of clean energy, etc. are being promoted. One of the core parts to these mechanisms is electromagnetic conversion parts, which are comprised of iron cores and windings. These parts include electromagnetic motors, solenoid valves and transformers for voltage conversion. Soft magnetic powder cores (SMPCs) have gathered attention in recent years as materials for the iron cores described above [1] . These materials are produced by pressing pure iron powder covered with insulating film into shape. They are therefore suitable for miniaturization and the development of high performance electromagnetic conversion parts. With improvements in precision and reductions in the sizes of a wide variety of parts in recent years, high levels of dimensional precision and complex shapes are also now required for parts using these materials. It has therefore become necessary to develop a high-efficiency, high-precision finishing method. The issues to be solved when machining SMPCs with high precision are as follows: (1) the pure iron used in these materials has ductility resulting in burring and cohesion to machining tools, (2) these materials are green compacts with low binding forces between powder particles and high tendencies towards cracking and gouging, and (3) these materials possess residual pores at levels of several percent thus resulting in microscopically intermittent processing which causes heavy machining tool wear. Due to the combined properties of ductility and brittleness described above, chipping is an especially prominent defect on the machined surfaces of SMPCs. It is therefore necessary to develop a machining method that can suppress chipping. So far there has only been a proposal regarding a high-speed cutting method using a binder-less cBN tool as a machining method for these materials [2] . We thus attempted to develop a machining method with high versatility which can deliver ultra-smooth finished surfaces on SMPCs. This article discloses the outcomes of our study on the effects of various processing conditions on surface machining using surface grinding employing diamond or cBN grinding wheels, and a super finishing method utilizing general grinding wheels. Fig.1 shows the appearance, an image from a structural scanning electron microscopy (SEM) observation, the features, and characteristics of an SMPC used in the experiments in this study. The SMPC we used in our experiments was molded into shape by packing pure iron powder subjected to an insulating film coating process into a die, and applying a pressure of 980MPa. Then the SMPC was subjected to a thermal treatment at 723K. The SMPC has a cylindrical shape with an outer diameter of 20mm, an inner diameter of 16mm, and a thickness of 10mm. In the SEM image, the pure iron powder grain boundaries are clearly visible. This indicates that this material is a green compact, which maintains its strength only through physical interlocking between particles, unlike general sintered compacts which derive their strength through the sintering phenomenon with concurrent grain boundary diffusion. Therefore the binding forces between particles are low, making this an extremely brittle material susceptible to chipping. Pores between powder particles are also visible in the image. These residual pores are often the cause of shorter machining tool lifetimes, as they are forced to machine intermittently at all times. Table1 shows the machining methods, tools, and the machining conditions used in the experiments in this study. We used rotary table type grinding and super finishing as the machining methods for SMPCs. Details of themselves are provided in Fig.2 . The features of the rotary table type grinding method shown in Fig.2 (a) include high equipment rigidity and high processing efficiency. For this method, we used a cBN grinding wheel. We studied the effects on machined surfaces by varying the rotation rate of the work piece (100 -450rpm), the circumferential velocity of the grinding wheel (12.8 -24.0 m/s), and the cutting speed of the grinding wheel (4 -10mm/min). We also studied changes in machined surfaces as the processing quantity increased from immediately after wheel dressing, and examined the optimal dressing timing. Fig.2  (b) shows the super finishing method. The feature of this method is that finished surfaces are extremely smooth due to the use of grinding wheels with large grain size numbers (fine grain Advanced Materials Research Vol. 565particles). In this study, we used a GC (SiC) grinding wheel. A feature common to all of the above machining methods is that they can form concentric tool marks on machined surfaces without anisotropy since both the grinding wheel and the ground material rotate. The advantage of forming concentric tool marks is that magnetically isotropic properties can be obtained for the magnetic pole faces of SMPCs. For example, although tool marks are formed in one direction when using reciprocal surface grinding, as they display anisotropy, deterioration of SMPC characteristics is an issue of concern.
Materials and Experimental Procedure
Grinding Wheel
Rotation Rotation
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Rotary 3 and a high susceptibility to chipping. A #400 cBN grinding wheel was used to evaluate the effects of varying the following 3 factors: the rotation rate of the work piece, the circumferential velocity of the grinding wheel, and the cutting speed of the grinding wheel. Fig. 3 (a) shows machined surfaces when the rotation rate of the work piece was varied at a constant grinding wheel circumferential velocity and cutting speed. From this figure, it was found that surfaces could be machined with less chipping at all rotation rates 150 rpm and higher, although chipping occurred frequently when the work piece rotation rate was 100 rpm.
Machined surfaces after processing 2,000 work pieces at a work piece rotation rate of 450 rpm following the previous experiment are shown in Fig. 3 (b) . It is evident that there is a high occurrence of chipping on the edges. It is assumed that loading occurred and caused chipping as the grinding wheel was not subjected to dressing at all during the processing of these 2,000 work pieces. The grinding wheel surface after processing shown in Fig. 4 clearly indicates that loading occurred. Next, we varied the circumferential velocity and cutting speed of the grinding wheel. The machined surfaces are shown in Fig.5 and Fig.6 , respectively. Based on these figures which show good machined surfaces, it is surmised that there was little effect on the finish of the machined surface as a result of varying the circumferential velocity or cutting speed of the grinding wheel. It is therefore thought that the effects of the circumferential velocity and cutting speed of the grinding wheel are minor with respect to SMPCs. Next, the machined surfaces of the 1,000 th and 2,000 th work pieces processed at each of these conditions are shown in Fig.7 . Chipping on the machined surfaces clearly increased as the processed quantity increased. Therefore, the suppression of grinding wheel loading appears to be an important factor in order to suppress chipping when machining SMPCs. In order to suppress grinding wheel loading and also extend dressing intervals, we repeated the experiments by changing the grain size of the cBN grinding wheel from #400 to #325. We also placed 1mm width 45 slits on the grinding wheel in order to improve sludge removal from the grinding wheel. Using processing conditions consisting of a work piece rotation rate of 450rpm, a grinding wheel circumferential velocity of 24.0m/s, and a grinding wheel cutting speed of 7.0mm/min, we studied the effects of increases in processed quantities on machined surfaces. For initial dressing of the grinding wheel, we conducted dressing 300 times using a cutting depth of 3µm and a #400 WA. The relationship between the processed quantity and machined surface is shown on Fig. 8 , and the size of chipping on edges obtained using image processing is shown on Fig.9 . The allowable range of chipping on the edges of SMPCs is 0.3mm or smaller. It was found in this experiment that practical chipping levels could be maintained with little change from the beginning of processing, even after processing 3,000 SMPCs without wheel dressing. Relationship between processed quantity and the size of edge chipping 2-2 Machining of SMPCs using super finishing method. This section describes the results of applying a super finishing method to achieve machined surfaces with higher levels of quality. The processing conditions were varied separately for rough machining and finish machining. In this processing method, the grinding wheel was oscillated during machining. We studied the effects of grinding wheel oscillation during finish machining and the effects of the grain size of the grinding wheel. Fig.10 shows machined surfaces when the grinding wheel was oscillated during finish machining and when oscillation was stopped. The grinding wheel oscillation conditions were set at an amplitude of 0.5mm and a frequency of 350rpm. Based on this figure, it was found that the level of chipping on the machined surface was smaller when the grinding wheel was not oscillated during finish machining. It is thought that this is because the grinding wheel is rotated during the process unlike general super finishing methods, making it susceptible to the effects of the oscillation angle and shear stress in the oscillating direction, which resulted in increased chipping. Therefore, we conducted the rest of the experiments by oscillating the grinding wheel only during rough machining and not during finish machining. Fig.11 shows the machined surfaces obtained using the grinding wheel with grain sizes #400, #800, and #1000. While the surface machined using a #400GC wheel in Fig.11 (a) shows a certain degree of chipping, chipping was not observed on the surfaces machined using (b) #800GC and (c) #1000GC wheels. In these cases, the force applied in the cutting direction of the grinding wheels was set so that the cutting speed was the same regardless of the grain size of the wheel. Therefore, we found that machined surfaces with high levels of quality can be achieved without reducing the processing speed even when grinding wheels with fine grain sizes are used in the case of super finishing methods. The relationship between grain size and grinding wheel wearing is shown in Fig.12 . It is evident from this
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Advances in Abrasive Technology XV figure that grinding wheel wearing was suppressed dramatically by lowering the force applied to the grinding wheel during rough machining from 0.25MPa to 0.18 -0.20MPa. Therefore, we found that the forces applied to grinding wheels had a large influence on the wearing of grinding wheels. Grinding wheel pressing force condition by grain size of the wheel Fig.12 Relationship between the forces applied to grinding wheel and grinding wheel wear
Conclusions
As soft magnetic powder cores (SMPCs) possess both ductile and brittle characteristics, it is extremely important to develop a machining method that suppresses loading on grinding wheels as well as chipping of machined surfaces. We studied the effects of a variety of processing conditions on machined surfaces. Our conclusions are outlined below.
